This paper presents an improved methodology for estimating asset prices for real estate and other durables. The method is used to analyze house price dynamics by exploiting an unusually rich and detailed body of dataᎏextensive descriptive and financial information on every house sale in Sweden during a 12-year period.
for computing price indexes inadequate. Research designed to estimate the course of prices has intensified over the last several years. While there are other durable goods that have also been the subject of study, most of the attention has been directed to housing. This is hardly surprising. Housing, which represents more than 50% of the U.S. private capital stock and 30% of household expenditures, is a conspicuous example of a nonstandard and seldom-traded good, one whose aggregate price movements are of great practical interest to policy makers and consumers as well as to academics.
The accurate measurement of housing and real estate price trends is itself crucial to understanding market behavior. For example, recent conclusions about the ''efficiency'' of the housing market depend crucially upon specific techniques which generate the price indexes used to measure w x the returns to arbitrage 6 . Similarly, models which investigate the deterw x minants of speculative bubbles in real estate 1 rely upon index number techniques for the measurement of prices.
Finally, accuracy in measurement of housing prices is of enormous practical importance. Applications range from the estimation of regional variation in the cost of living to the computation of transfer payments under housing subsidy programs. As primary housing markets have become more integrated with secondary markets, the computation of housing prices has become of great practical importance to investors who confront choices among portfolios composed of real estate securities and other w x assets 17 .
This paper presents an improved methodology for estimating asset Ž prices for durables such as residential housing. The original work on this topic appeared more than three decades ago; see Bailey, Muth, and w x Nourse 2 . The method extends and synthesizes several techniques rew x cently suggested 4, 11 for combining so-called hedonic and repeat-sales methods used in the construction of housing price indexes. The methods we introduce apply equally well to other durables.
The improved model is used to compute price indexes for owneroccupied homes in Sweden, relying upon the most detailed and complete body of housing market information ever assembled. The data consist of essentially all used owner-occupied dwellings sold at arms length in Sweden during the period 1981᎐1993. Individual house sales are recorded nationally by the Central Bureau of Statistics, together with extensive information on the characteristics of dwellings, structures, and parcels. Our analysis makes use of the master file of sales information, containing observations on over 500,000 owner-occupied property sales between January 1, 1981 and August 28, 1993 .
Section II describes the statistical model, a synthesis of several ''hybrid models'' proposed in the literature. Section III describes the data on housing prices and the salient features of the Swedish housing market. Section IV presents and interprets our results, and Section V offers some concluding comments comparing our index with that published by the Central Bureau of Statistics.
II. THE STATISTICAL MODEL
By now, the general properties of hedonic and repeat-sales models of housing price indexes are well known, and the advantages of ''hybrid'' Ž w techniques combining the two approaches are well established see 4, 5, x. 11, 16 . In this section, we introduce an estimation technique combining the desirable features of several estimators currently used. The model we develop is intended to make full use of a data set rich in information about dwelling characteristics and in which repeat sales are identified. The model utilizes multiple sales of the same house to estimate the error structure of the price-generating process. This supports generalized least squares estimation of a hedonic regression which uses all observed housing sales, potentially improving the efficiency of all parameter estimates.
Assume that the sale price of a housing unit is an amalgam, PQ, of an index representing the price, P, of a housing unit and another index representing the level of services, Q, emitted by that unit. To represent this, suppose
where V is the logarithm of the observed selling price of house i at time it t, Q is the log of the quality of house i sold at time t, and P is the log of it t the constant quality housing price index at time t. is a random error, it reflecting idiosyncratic aspects of particular transactions, e.g., a ''distressed'' sale. Ž . According to 1 , each house emits a quality of service Q which is it priced at P at a particular point in time. Q is unobserved, but
Ž . According to 2 , housing quality is a function of a vector of observable characteristics of dwellings at time t, X , a dwelling-unit-specific factor, , . tion year of the dwelling as well as the accumulated physical depreciation of that dwelling at year t. The term represents the unmeasured i Ž .
Ž . characteristics of house i. Combining 1 and 2 yields
where is a composite error term,
If all dwellings in a given sample were repeat sales, all the parameters of the model could be estimated by making further assumptions about the structure of the errors, . In the analysis below, we assume these errors, it , are generated by a first-order autoregressive process.
it
Multiple observations on dwellings, i.e., repeat sales, provide three sources of information in estimating the model: First, they permit the systematic components of housing quality to be distinguished from the unmeasured idiosyncratic components, , that vary i among individual dwelling units.
Second, they permit the depreciation of dwellings to be distinguished from the vintage of dwellings. Presumably, newer dwellings embody technical progress which makes them more valuable. However, for a given construction vintage, sales observed later in time should be at lower prices, ceteris paribus, reflecting physical depreciation of the asset.
Third, multiple sales permit an explicit analysis of the error generating process, which potentially improves the efficiency of estimation of the price index P , as well as the parameters ␤. 
Ž .
A sample of single sales permits 3 to be estimated, but it does not permit the measured characteristics of houses to be distinguished from the unmeasured, individual-specific characteristics of those dwelling units. Presumably, many characteristics of individual houses that are difficult to measure quantitatively, particularly in a large sample, are important in affecting house values. Similarly, in a single cross section, depreciation cannot be distinguished from the effects of vintage and the course of pure price change over real time. In a linear model, the variables are simply colinear. Finally, single sales do not permit any investigation of the autocorrelated structure of errors.
To combine samples of single and multiple sales in the same analysis, Ž . Ž . combine 3 and 4 :
1 Much related work assumes these errors are generated by a random walk. However, recent empirical research rejects a random walk in favor of an autocorrelated error structure w x by a wide margin. See Hill et al. 12 . V , X , P , , and are defined as above. In the second line, two The price level at any period t is parameterized by a set of variables D t which take on a value of 1 for all time periods prior to the observed sale and 0 for all periods after the observed sale, 2 i.e.,
Ž . Obviously, the parameters of 6 cannot be estimated directly, since vintage, age, and time of sale are colinear. Using the subsample of repeat sales alone, however, we can estimate
where
Ž . The residuals from 8 are sufficient to provide an estimate of the depreciation parameter ␤ and the error structure of :
assuming that is white noise.
Ž . Ž . The error variances, and , are estimated from 8 and 11 . The Ž . depreciation coefficient is estimated from 10 . after.
Together, these parameters identify completely the variance᎐covariance Ž . matrix of disturbances in 6 :
Now, using the entire sample of single sales and repeat sales, estimate Ž . Ž . 8 by generalized least squares GLS , where the GLS matrix is the Ž . inverse of the right-hand side of 12 .
This approach, which uses all sales observations, not just repeat sales, in a common framework, is an extension of the hybrid techniques proposed w x w x Ž . by Quigley 16 and by Hill, Knight, and Sirmans 11 HKS . Each of these previous models relies upon an explicit error structure to combine single sales and multiple sales in a common regression framework. In common with the HKS model, the estimator proposed here distinguishes between vintage and depreciation in their effects upon housing prices. In contrast to the HKS model, the estimator proposed here distinguishes between the individual-specific components of house values and random errors. Presumably, characteristics of dwellings that remain unmeasured by hedonic surveys are important in price determination. The model developed here recognizes this.
This proposed technique is also simple to implementᎏrelying upon generalized least squares models rather than maximum likelihood methods. In contrast to the model proposed by Quigley, the estimator proposed here incorporates a conventional autoregressive structure rather than the more cumbersome assumption of a random walk in housing prices. 3 In contrast to conventional repeat-sales methods, which have been routinely applied to the art market as well as the housing market, the estimator proposed here is based upon all market information, not just that provided by multiple sales of the same property.
Thus, efficiency gains come from two sources: first, the estimation of an explicit error structure which leads to generalized least squares estimators; second, the use of information on all house sales, not merely repeat sales.
Ž . Finally, it should be noted that the price index, I , specified by 7 ,
The recent empirical analysis reported by Hill, Knight, and Sirmans 11 provides convincing evidence that the simple model of serial correlation ''fits the data'' as well as the random walk model, at least in one empirical application.
is measured relative to a particular set of housing characteristics in a given year. Absolute comparisons of prices can be made across markets, as well as time periods, for different configurations of housing attributes. These comparisons cannot be made for repeat sales indexes.
III. THE DATA
Housing transactions data are recorded routinely in Sweden and are Ž . maintained historically by the Central Bureau of Statistics SCB in Stock-Ž holm. The raw data utilized in this study consist of all residential non-. farm housing sales recorded during the 1981:I᎐1993:III period divided into eight geographical regions. 4 These regions were defined by SCB for administrative purposes. We maintain these distinctions to facilitate comparisons between our indexes and those produced by SCB.
Sales prices are taken directly from the sales contract that is submitted to court in order to obtain legal confirmation of ownership. Information about characteristics derive from forms submitted by the homeowner to the tax authorities, information that is used to assess values for property tax purposes. Figure 1 shows the regional breakdown of the data. The eight regions Ž vary in geographical size between the capital region of Stockholm region . Ž . I and the rural north region VIII . Table I . observations containing all arms-length housing sales in the country during the same period Ž . the ''all-sales'' file . The former file includes a unique identification number for each different property; the latter file does not include any identifying information at all. Both files have the same format and contain a large number of variables measuring property characteristics. In the first step of the analysis, the two files were merged. Then, those observations in the ''all-sales'' file whose characteristics matched exactly those of an observation in the Ž ''repeat-sales'' file were eliminated an exact match was sought on sale date and minor civil . division as well as a variety of physical characteristics of the properties . We also eliminated duplicate records, again using exact matches. We also deleted multiple sales within a half year of each other. In this way redundant records were eliminated from the merged file. Because the data identify repeat sales and describe the attributes of dwellings, we can, in w x principle, explore the maintained hypothesis of the most widely used repeat-sales models 6 : that the use of multiple sales controls adequately for quality differences. This work is currently underway. 5 From the original all-sales file we have deleted all transactions involving institutions as buyer or seller, and a number of cases with missing observations on one or more of the Ž housing characteristics. We have also excluded properties with very large lot sizes above . 10,000 square meters . Table II summarizes the average characteristics of houses sold in the eight regions during this period. As indicated in Table II , the average Ž selling price of houses in Stockholm, 772,655 SEK or roughly $100,000 . U.S. was more than 55% larger than the average in the other regions. The average interior size, about 120 square meters, was quite similar across regions, while the average lot size was much smaller in Stockholm, 827 square meters, than in the other seven regions, which averaged 1100᎐1400 square meters.
The raw data include a wide variety of indicators of the quality and amenity of dwellings. On the basis of preliminary analyses, we have included a number of these in the determination of price. Included are two size variables and dummy variables for the number of garages; nine dummy variables recording various amenities, including, for example, the existence of an open fireplace, a sauna, a laundry room; and 12 dummy variables measuring the quality of insulation, heating systems, kitchens, Ž . and roofs. In addition, we record the vintage year of construction of each dwelling and its age at sale.
Each dwelling is located in one of 111 well-defined labor market areas. Ž . Region I is a single labor market area Stockholm ; other regions are Ž . composed of several labor market areas up to 24 areas for region VI . For each dwelling, we measure the straight line distance to the economic center of its labor market area. 6 In addition to these qualitative and quantitative aspects of the dwellings, we measure and hold constant one potentially important financial aspect of these house sales, namely, the existence of transferable capital subsidies. Beginning in 1975, the Swedish government provided loans with guaranteed interest rates to the purchasers of newly constructed dwellings. The rules governing these subsidies varied over time, i.e., with year of construction. They also varied with the size and construction cost of dwellings. Because the subsidy is tied to a specific dwelling, in the event of sale it is potentially capitalized into the selling price for a used house. We include an estimate of the present value of the remaining subsidy at the time of sale as a variable in the analysis. 6 More precisely, we measure the straight line distance of the parish containing each dwelling to the center of its economic area. Parishes are roughly the size of U.S. census tracts and are subject to the same ambiguities in measuring distances from their centroids, i.e., urban parishes are usually smaller in geographical area than rural parishes. 7 The present value of these capital subsidies depends upon the difference between the market interest and the guaranteed interest rate over the period of the guarantee. Because these subsidies interact with the tax code, their value also depends upon the marginal tax rate of the owner. The assumptions underlying the computation of the particular present value w x estimates we use are discussed in Berger et al. 3 . As indicated in Table II , the present value of the average subsidy for all transactions in this sample is small, about 3000 SEK or $400 U.S. However, for those transactions which include a subsidized house, the average value of the remaining capital subsidy is as high as 26,000 SEK or $3300 U.S. The average conditional subsidy is thus between 3 and 6% of the average sale price.
IV. RESULTS

Ž .
Table III presents estimates of 6 based upon the subset of dwellings sold more than once. This regression of the logarithm of selling price upon housing characteristics is estimated by ordinary least squares. The general specification of the regression equation is identical for all eight regions.
Ž . Table IV presents the GLS estimates of the parameters of 6 as well as Ž . Ž . the estimates of 10 and 11 . Panel A reports the GLS coefficients using Ž . the variance᎐covariance matrix reported in 12 .
The coefficient of almost every variable reported in panel A is precisely estimated and is plausible in magnitude. The elasticity of housing value with respect to interior size is about 0.5; with respect to parcel area, it is about 0.3 at the means. Of the 72 dummy variables indicating amenities, all have the anticipated sign. Of these measures of amenity, 69 are significant by conventional criteria. Saunas and fireplaces increase housing Ž values, as do waterfront locations especially in Stockholm, but less so in . the cold north! .
Almost all of the 96 dummy variables indicating qualityᎏinsulation, heating systems, etc.ᎏare significant and economically important. In particular, houses with high quality kitchens and heating systems are much more valuable than others.
As expected, the distance to the employment center is highly significant. The price gradient for the monocentric region, Stockholm, indicates a relative price reduction of 0.8% per kilometer from the city center. 8 Almost all of the price gradients for the 110 other labor market areas Ž . not shown are negative, significant, and of the same order of magnitude as the gradient for Stockholm.
The coefficient on the subsidy variable is highly significant, with coefficients varying between 2.25 and 3.43. These coefficients imply that a substantial majority of the benefits afforded during this period to purchasers of new homes was capitalized and ''sold'' to subsequent buyers of houses. At the means, capitalization of the average subsidy ranged from Ž . 55% in the far north where population has been declining to 130% in Ž region II, the area surrounding Stockholm where population has been . increasing . Despite the large sample and the precisely estimated coefficients, we have little confidence in the precision of the estimated capitalization rates. 9 Panel B of the table reports the estimate of depreciation and the autocorrelation coefficient, based upon analysis of the residuals from the OLS model. The estimate of the depreciation rate is small. Ten-year old houses depreciate by about 0.2%᎐0.9% per year during the rest of their lives. Of course, these statistical models hold at constant quality a host of economically important amenities and featuresᎏmany of which typically vary substantially with the age of dwellings. The unmeasured factors, however, include the effects of wear and tear and landscaping, presumably age-related.
The coefficient of autocorrelation is negative and is precisely estimated in five of the eight regions. 10 The magnitude, as large as y0.6, suggests that autocorrelation is important for houses that are sold within two or three quarters after they were purchased, but it is not important at all for 11 Ž 8 . houses sold after intervals of, say, two years. 0.6 ( 0.02 .
Given the high transactions costs in the housing market, a short interval between acquisition and disposition of a house reflects an unusual transaction. On the one hand, a rapid disposition may represent a ''distressed sale'' arising from divorce or job loss. Individuals forced to sell on short notice often take large losses. On the other hand, a rapid disposition may represent an unusual profit opportunity arising from an underpriced house by an uninformed seller. Either of these explanations is consistent with a 9 Our lack of confidence in capitalization estimates arises from several sources. First, these subsidies were provided only to houses built after 1975. They are thus concentrated in new houses where depreciation is decidedly nonlinear. In the models reported in Table IV , we have included dummy variables for dwellings less than 10 years old. If these dummy variables Ž . are excluded or if other plausible variants are adopted, say 5 or 15 dummy variables , there are minor differences in the estimated depreciation rate but larger changes in the estimated capitalization rate. We experimented by confining the sample to houses built after 1975. The Ž . estimate of capitalization is still sensitive to the specification of depreciation age at sale . Beyond the correlation of capital subsidies with age, however, is the calculation of subsidy levels. This calculation is based on strong assumptions about discount rates and about expected future market interest rates. We conclude that capital subsidies are capitalized into the sale prices of used houses and that the specification employed is sufficient to hold constant these effects in the estimation of price indexes. We cannot say with confidence that the capitalization rate is 130% rather than 55%. 10 
The estimates of the autocorrelation parameter are obtained from equation 11 estimated by non-linear least squares using the samples of dwellings sold three or more times. 11 For dwellings sold more than once, the average elapsed time between sales is about five years.
TABLE III
Ž . Notes: t-ratios are in parentheses. Price index estimates, P , are not reported. Model also includes separate intercepts and distance variables for each of 111 labor market areas. Region I, Stockholm, is considered a single labor market area.
Estimates of 8 Based on all
large negative autocorrelation in prices for individual sales after short holding periods and essentially no autocorrelation in prices for individual sales after moderate or long holding periods. Panel C reports the variance components and other parameters. The overall regression for each of the eight regions explains roughly threefourths of the variation in housing prices. As indicated in panel C, about three-quarters of this residual variation represents unmeasured dwellingspecific effects. Only about 6% of the variation in housing prices is unrelated to housing attributes or the timing of sales. Also reported in Ž . panel C are the estimated capitalization rates discussed above and the estimated effect of vintage. According to the estimates, there is a small positive vintage effectᎏceteris paribus new houses are more valuable. Again, many of the conventional aspects of vintage are measured explicitly in the data. The unmeasured vintage-related aspects of dwellings in this sample are probably quite subtleᎏthe layout of rooms and stairways, for example.
V. DISCUSSION
Figures 2 and 3 summarize the price indexes derived from this analysis. Ž They present the estimated selling price of a typical urban house one with . the average characteristics of houses sold in Stockholm in each of the eight regions during the 1981᎐1993 period. 12 The course of housing prices throughout the country was roughly similar in different regions during the periodᎏprices were flat in nominal terms through 1986, rose sharply through 1991, and were in free fall throughout the rest of the sample period. The figures reveal substantial regional deviations from this general trend. In particular, prices in the Stockholm region have been more volatile than prices in other regions. In 1981 the Stockholm price level was twice the price level in region III; at the peak in the first quarter of 1991 that ratio was 2.5 and in the second quarter of 1993 it was down to 2 again.
Explanations for the price development may be sought in fundamentals w such as household disposable income and the tax and subsidy system 7, 13, x 14 . Sweden entered the 1980s with towering budget deficits and switched to a more restrictive fiscal and monetary policy in 1981. Simultaneously, a tax reform, implemented gradually between 1982 and 1985, reduced the tax subsidies provided to owner᎐occupiers. After 1985, house prices started to rise again, partly driven by a more lax fiscal policy. A further stimulus to 12 Note that we cannot really claim that the index represents the price level for the entire inventory of houses, but rather the price level for the stock of those sold. This is because the Ž houses sold in any interval may be a nonrandom sample of the stock see Gatzlaff and Haurin w x. Ž 9 . However, the long time interval used in this analysis and the fact that about 40% of the . stock appears in our sample suggests that it may, indeed, be reasonable to impute this price index to the entire inventory. sharply increasing real interest rates resulting from a disinflationary monetary policy.
It is possible to compare the price indexes developed here with the Ž . 13 official index published by Statistics Sweden SCB . Before 1986, the SCB index is only available annually, and the differences between SCB indexes and our indexes are small. There is some tendency in each of the regions for our index series to be leading relative to that of SCB. In Table  V we summarize some key statistics of the two series for the eight regions. Over the whole period we find prices increasing somewhat faster in each Ž . region according to our methodology ''the EQR index'' than according to the SCB index. The variances are very similar for the two series, with the exception of one of the smaller regions, region VII.
An important use of housing price indexes has been to analyze the w x predictability of investment returns. Case and Shiller 6 and others found strong evidence of positive serial correlation for U.S. metropolitan areas, w x and Englund and Ioannides 8 documented the same pattern in nation- 13 
Ž
The SCB index is constructed using the assessed value of properties presumably a . hedonic relation based on expertise and judgment . Within each region, SCB divides all dwellings into 12 classes according to assessed value for tax purposes. The price index is constructed as a weighted average of the mean sales prices in the different assessed-value Ž . classes. The weights are given by the fraction of all properties not just those transacted within a particular size class.
. wide price data of varying quality for a number of OECD countries. Here Ž . we find somewhat stronger evidence of first-order serial correlation according to our index than according to official statistics. While the SCB Ž . index exhibits significant positive serial correlation at the 10% level in four of the eight regions, ours is significant in five regions. The average point estimate of the serial correlation coefficient using the techniques developed in this paper is 0.153 compared with an average of 0.085 for the official SCB index. These differences suggest that the way we estimate price indexes may be crucial for any conclusions about the efficiency of housing markets.
VI. CONCLUSION
This paper introduces an improved methodology, combining cross sectional and panel data, for estimating asset prices for durables such as residential housing. The method distinguishes between the effects of observable and unobservable aspects of quality and between the effects of depreciation and vintage upon asset prices. The method also investigates price dynamics at the level of individual house sales.
The model is used to analyze the structure of housing prices in Sweden by investigating a rich body of data on all house sales in the country during a 12-year period. The empirical estimates confirm the importance of a host of quality and amenity measures in determining housing prices, the independent effects of depreciation and construction vintage, and the capitalization of interest rate subsidies. The results also suggest that unusually short turnover periods between sales of any house are associated with atypical price movementsᎏreflecting distressed sales or uninformed initial offer prices.
Observable housing characteristics explain roughly three-quarters of the variation in housing prices in this rich sample of transactions. Another 19% of the variation in prices arises from unmeasured individual-specific variation, leaving only about 6% unaccounted for.
Price indexes for housing assets computed from these regressions reveal a similar pattern of price development across regions during the sample periodᎏgenerally stable prices through 1987, followed by a roller coaster rideᎏwith a peak in 1991 and free fall thereafter.
A comparison of these indexes with those published officially reveals some differences. The indexes produced by the methods outlined in this paper show higher average changes in quarterly prices and slightly higher serial correlation in quarterly prices. They also suggest that returns are more predictableᎏand the market is less efficientᎏthan is revealed in official statistics.
